Bullous pemphigoid (BP) is a blistering skin disease associated with an IgG autoimmune response directed against the ectodomain of the hemidesmosomal protein, BP180. An animal model of BP has recently been developed by our laboratory based on the passive transfer of rabbit antimurine BP180 antibodies into neonatal BALB/c mice. The experimental animals develop a blistering disease that reproduces all of the key immunopathological features of BP. In the present study we have investigated the role of complement in the pathogenesis of subepidermal blistering in the mouse model of BP. We demonstrate the following. (a) Rabbit anti-murine-BP180 IgG was effective in inducing cutaneous blisters in a C5-sufficient mouse strain, but failed to induce disease in the syngeneic C5-deficient strain; (b) neonatal BALB/c mice, pretreated with cobra venom factor to deplete complement, became resistant to the pathogenic effects of the anti-BP180 IgG; (c) F(ab')2 fragments generated from the anti-BP180 IgG exhibited no pathogenic activity in the mouse model; and (d) histologic evaluation of the skin of mice described in points b and c above showed minimal or no neutrophilic cell infiltration in the upper dermis. Thus, anti-BP180 antibodies trigger subepidermal blistering in this BP model via complement activation. This experimental model of BP should greatly facilitate future studies on the pathophysiology of autoantibody-mediated diseases of the dermal-epidermal junction. (J. Clin. Invest. 1995Invest. . 95:1539Invest. -1544
Introduction
Bullous pemphigoid (BP)' is an acquired, subepidermal blistering disease of the elderly first described in 1953 by Lever (1) . In BP patients basal keratinocytes of the epidermis detach from the underlying basement membrane producing tense, fluidfilled vesicles. Similar skin lesions were observed in a pregnancy-associated non-viral disorder, herpes gestationis (HG) (2) . Jordon (4) (5) (6) .
Two independent antigen/antibody systems associated with BP and HG have recently been characterized at the molecular level (7) (8) (9) (10) . Both of these autoantigens, designated BP180 and BP230, have been localized to the epidermal hemidesmosome, an organelle that anchors basal keratinocytes to the dermis (10) (11) (12) . The BP180 antigen is a 180-kD transmembrane protein with a type II orientation (13) , i.e., the amino-terminal domain localizes to the intracellular hemidesmosomal plaque ( 14) , while the carboxy-terminal half, made up of a long collagenous tail, projects into the extracellular milieu of the BMZ (15) (16) (17) .
A recent epitope mapping study revealed that BP and HG autoantibodies recognize a common antigenic site within the major noncollagenous stretch of the BP180 ectodomain (17) . This autoantibody-reactive site, designated MCW-1, has been mapped to a 14 amino acid stretch within the NC16A domain of this human antigen. The MCW-1 epitope, however, is absent from the murine BP180 protein (17, 18) . The mouse system has been used successfully to test other pathogenic anti-epidermal autoantibodies (e.g., pemphigus) by passive transfer techniques (19, 20) ; however, the absence of the MCW-1 epitope from mouse skin precluded the use of this system for testing the pathogenicity of anti-BP180 autoantibodies present in human BP sera (21, 22) . To circumvent this problem rabbit polyclonal antibodies were generated against the murine BP180 NC16A domain and were passively transferred into neonatal mice. Remarkably, the injected animals developed a subepidermal blistering disease that closely mimicked BP and HG (18) . On histological examination lesional skin of these animals showed subepidermal vesicles and an intense neutrophilic infiltrate in the upper dermis. Direct IF of perilesional skin showed rabbit antibodies and murine C3 bound to the BMZ producing a linear pattern. Thus, it was concluded that binding of anti-BP180 antibodies to their target site in the cutaneous BMZ initiates a cascade of events that leads to subepidermal vesiculation.
The aim of the present investigation was to define the role of complement in subepidermal blistering observed in the mouse model of BP. We found that mice depleted of complement (either genetically or by pretreatment with cobra venom factor [CVF]) did not develop blistering disease following injection with pathogenic rabbit anti-BP1 80 antibodies. Additionally, F(ab ')2 fragments generated from this pathogenic rabbit IgG did not induce disease in injected animals. These results demonstrate that complement activation is an essential component in the pathogenesis of blister formation in the experimental model of BP.
Role of Complement in Bullous Pemphigoid

Methods
Laboratory animals. Breeding pairs of mice of the following strains BALB/c, BIO-D2-OSN (C5-deficient strain), and BIO-D2-NSN (C5-sufficient strain) were purchased from The Jackson Laboratories (Bar Harbor, ME) and maintained at the Medical College of Wisconsin Animal Resource Center. Neonatal mice (24-36 h old with body weights between 1.4 and 1.8 g) were used for passive transfer experiments.
Preparation ofpathogenic rabbit anti-murine IgG. The preparation of recombinant murine BP180 and the immunization of rabbits were performed as previously described (18) . Briefly, a segment of the murine BPI80 antigen encompassing amino acids 495 to 643 of the ectodomain of this protein (using the numbering system of Li et al. [23] ) was expressed as a glutathione S-transferase (GST) fusion protein using the pGEX prokaryotic expression system (Pharmacia LKB Biotechnology, Piscataway, NJ). The first 18 and final 86 residues of this 149-amino acid murine BP180 insert exhibited 89.4% identity when aligned with the human BP180 sequence; however, the remaining 45 amino acids (corresponding to residues 513 to 557 of murine BP180) showed significant divergence from the human sequence (37.8% identity). The murine BP180 fusion protein, designated GST-musl80A, was purified to homogeneity by affinity chromatography (24) . New Zealand White rabbits were immunized with the purified murine BP180 fusion protein and the IgG fraction from the sera was purified as previously described (18) . The IgG fractions were concentrated, sterilized by ultrafiltration and the protein concentrations determined by OD280 (E [1%, 1 cm] = 13.6). The titers of rabbit anti-murine BP180 antibodies in the rabbit sera and in the purified IgG fractions were assayed by indirect IF using mouse skin cryosections as substrate. These antibody preparations were also tested by immunoblotting for reactivity with the GST-musl80A fusion protein. The IF and immunoblotting techniques have been reported elsewhere (18) .
Injection of IgG in CS-deficient and CS-sufficient mice. Neonates of the B 10-D2-OSN (C5-deficient) and BIO-D2-NSN (C5-sufficient) strains received two intraperitoneal (i.p.) injections (100 p1 each, five h apart) of a sterile solution of IgG in PBS (total dose: 5 mg/g body weight/day). Neonatal BALB/c mice were treated with the same injection schedule and were used as positive controls. The injection techniques have been described elsewhere (18) (19) (20) .
Depletion ofcomplement by cobra venom factor and injection procedures. CVF was prepared as previously described (25) . Three units of purified CVF in 100 ,1 of PBS were injected i.p. into neonatal mice 12 h before the first IgG injection. The control group received only PBS. Both groups of animals received two 100 /1 i.p. injections of rabbit anti-murine BP180 IgG, (total dose: 5 mg/g body weight/day), 12 and 17 h after CVF treatment.
Preparation of F(ab' )2 fragments and injection procedures. F(ab' )2 fragments of purified pathogenic and normal rabbit IgG fractions were prepared by digestion with pepsin (26) . Undigested IgG and Fc fragments were removed by affinity chromatography using a staphylococcal protein A-Sepharose 4B column (Pharmacia Foe Chemicals, Piscataway, NJ). The rabbit F(ab' )2 preparations showed a single precipitin line by double immunodiffusion with a goat anti-rabbit-F(ab' ) 2 serum and was unreactive with a goat anti-rabbit-Fc serum (Cappel, Durham, NC). Unreduced SDS-PAGE of the F(ab' )2 fragments showed a band of 100 kD.
For injection procedures neonatal mice were divided into three groups and in all cases the IgG or F(ab')2 was administered with two i.p. injections (100 MI each) given five hours apart. The first group (positive control) received intact anti-murine BP180 IgG (total dose: 5 mg/g body weight/day). The second group (test animals) received the F(ab')2 fragment of anti-murine BP180 IgG (total dose: 4 mg/g body weight/day, which is roughly an equimolar dose compared with the intact IgG injections). The third group (negative control) received injections of F(ab' )2 generated from normal rabbit IgG (total dose: 4 mg/g body weight/day).
Animal evaluation. The skin of neonatal mice from the test and control groups were examined 16 h after the last i.p. injection of the IgG fractions. The extent of cutaneous disease was scored as follows: "(-)," no detectable skin disease; " I+," mild erythematous reaction with no evidence of the "epidermal detachment" sign (this sign was elicited by gentle friction of the mouse skin which, when positive, produced fine, persistent wrinkling of the epidermis); "2+," intense erythema and "epidermal detachment" sign in localized areas; and "3+," intense erythema with frank "epidermal detachment" sign involving > 20% of the epidermis. The skin disease in each group of animals was recorded by photography.
The animals were then sacrificed and the following specimens were obtained: lesional skin for light microscopy, perilesional skin for direct IF studies and mouse serum for indirect IF analysis. Direct and indirect IF analyses were performed as previously described ( 19, 20) . Monospecific FITC-conjugated goat anti-rabbit IgG was obtained commercially (Kirkeggard & Perry Laboratories Inc., Gaithersburg, MD). Goat antirabbit F(ab')2, and monospecific goat anti-mouse C3 were purchased from Cappel Laboratories (Durham, NC). To map the antigenic sites on the blisters induced in neonatal mice, lesional biopsies were snapfrozen in liquid nitrogen and 4-pm sections were prepared. These cryosections were incubated with a well-characterized human BP serum containing autoantibodies that recognize the BP230 antigen (intracellular hemidesmosomal plaque) and the BP180 antigen. IgG bound to the lesional mouse cryosection was visualized using FITC-conjugated goat antihuman IgG (Kirkeggard & Perry Laboratories Inc., Gaithersburg, MD).
Results
CS-deficient mice injected with pathogenic IgG do not develop disease. 16 h after i.p. injection of rabbit anti-murine BP180 IgG, all nine C5-sufficient (B1O-D2-NSN) mice exhibited epidermal blistering. These lesions produced a positive "epidermal detachment" sign as shown in Fig. 1 A (also see Table I ). By indirect IF, a human BP serum stained the epidermal side of these blisters, producing a staining pattern identical to that seen in lesions of BP patients. Direct IF of perilesional skin showed a linear staining of the BMZ with rabbit IgG (Fig. 1 B) , although the staining was variable and appeared to be site-dependent. Mouse C3 was also detected by direct IF along the BMZ of perilesional skin producing a linear staining pattern (Fig. 1 C) .
In contrast, none of the 12 C5-deficient (B1O-D2-OSN) mice exhibited blisters 16 hours after injection with rabbit antimurine BP180 IgG. Fig. 1 D shows these results. Direct IF studies of the skin of these animals showed rabbit IgG and murine C3 bound to the BMZ of the injected mice (Fig. 1, E and F). The sera of both groups of mice, (C5 deficient and C5 sufficient) showed circulating rabbit anti-BP180 antibodies at titers of 1:1280 or above.
Mice depleted of complement by CVF and injected with pathogenic IgG do not develop disease. In a preliminary series of experiments we showed that injection of neonatal BALB/c mice with 3 U of CVF was sufficient to eliminate C3 from the circulation as demonstrated by double immunodiffusion using a goat anti-mouse C3 serum. Murine C3 remained absent from the serum for a period of 24 h after injection.
In eight of eight neonatal mice pre-treated with PBS (in place of CVF), the pathogenic rabbit anti-murine BP180 IgG produced extensive epidermal disease (Fig. 2 A; Table I ). These animals exhibited subepidermal blisters as determined by light microscopic examination, and showed linear deposition of rabbit IgG (Fig. 2 B) and murine C3 (Fig. 2 C) at the BMZ by direct IF analysis.
In contrast, none of the neonatal mice pre-treated with CVF and then injected i.p. with rabbit anti-murine BP180 IgG showed any clinical evidence of skin disease (n:8) (Fig. 2 D) . The skin of these animals showed no evidence of subepidermal vesiculation at the light microscopic level. Direct IF studies showed rabbit IgG deposition at the BMZ (Fig. 2 E) , but an absence of murine C3 (Fig. 2 F) . The titers of rabbit anti-BP180 IgG in the sera of both CVF-treated and PBS-treated animals were virtually the same ( > 1,280) at the time of evaluation. Murine C3 levels, however, were undetectable only in animals pre-treated with CVF. F(ab ')2 fragments from pathogenic rabbit IgG do not in- (Fig. 3 A; Table I ). These blisters were subepidermal as seen by light microscopy. Rabbit IgG and murine C3 were shown to be deposited along the BMZ of perilesional skin (Fig. 3, B and C, respectively) . In contrast, the skin of neonatal mice that received injections of F(ab')2 (generated from the same rabbit anti-murine BP180 IgG) did not show evidence of blistering clinically (Fig. 3 D) or histologically. $)irect IF studies of the skin of these mice demonstrated that the rabbit F(ab ' )2, but not murine C3, bound to the cutaneous BMZ (Fig.   3 E) .
Histological studies of the skin of animals injected with pathogenic rabbit IgG. The skin changes seen in neonatal mice injected with pathogenic rabbit anti-murine BP180 IgG appear to be dependent on the activity of the complement system of the host animal. In animals with intact complement, i.e., the CSsufficient mouse strain, B1O-D2-NSN and PBS-treated BALB/c mice, the histologic findings in the skin were similar to those previously reported when testing rabbit anti-BP180 IgG in normal neonatal BALB/c mice (18) . There were zones of subepidermal vesicle formation, the majority of which were noninflammatory. In focal areas there were scattered neutrophils close to the dermal surface, and associated with some lesions there were collections of neutrophils located within the blister cavity. In contrast, passive transfer of rabbit anti-BP180 IgG into complement-deficient mice, (i.e., the CS-deficient strain or BALB/
C5+
-CVF C5-IgG F(ab') 2 a S. The control group of neonatal BALB/c mice injected with intact rabbit anti-murine IgG developed extensive blisters (A). These blisters were determined to be subepidermal by histologic examination and showed deposition of rabbit IgG (B) and murine C3 (C) along the BMZ of perilesional skin. In contrast, the skin of neonatal BALB/c mice that received injections of F(ab')2 fragments of the same rabbit IgG showed no signs of skin disease, at either the clinical (D) or histological levels (not shown). Direct IF studies of the skin of the F(ab')2-injected mice showed strong binding of the rabbit F(ab')2 fragments to the BMZ (E), but an absence of murine C3 (F). Site of antibody labeling (arrow), dermis (D), epidermis (E), vesicle (V) (x400). c mice pre-treated with CVF) produced very minimal or no inflammatory changes with no vesicle formation in the skin of the treated animals. Similarly, mice injected with rabbit F(ab' )2 fragments (that lack the complement-fixing Fc domain) exhibited hardly any inflammatory changes with no evidence of vesiculation. These findings are demonstrated in Fig. 4 (also see Table I ).
DiscussionA
The present investigation was aimed at defining the role of complement activation on the pathogenesis of blister formation induced by the passive transfer of rabbit anti-murine BP180 IgG into neonatal BALB/c mice (18) . We tested the effect of complement depletion in the host animal (using either a genetically C5-deficient mouse strain or BALB/c mice pretreated with CVF) in modulating the skin injury produced by pathogenic rabbit anti-BP180 antibodies. Additionally, we tested the effects of F(ab')2 fragments generated from the pathogenic rabbit IgG in the generation of skin lesions in these animals. The results of these studies provide strong evidence supporting the notion that complement activation is essential for the production of subepidermal blisters induced by anti-BP180 antibodies.
In one set of experiments a C5-deficient strain of mice (B 10-D2-OSN) and the syngeneic C5-sufficient strain (B1O-D2-NSN) were IgG. We demonstrated that both strains of mice exhibited high titers of rabbit anti-murine BP180 antibodies in their sera, and both rabbit IgG and murine C3 were found to be bound to the cutaneous BMZ of these animals. However, subepidermal blistering and neutrophilic dermal infiltration were seen only in the C5-sufficient mouse strain. The C5-deficient mice showed no clinical or histological evidence of skin disease. These results indicated that activation of the components of the complement system (C5 or later components) are required for the generation of skin lesions induced by rabbit anti-BP180 antibodies.
To further investigate the involvement of complement in subepidermal blister formation, BALB/c mice were depleted of complement by pretreatment with CVF (27) before receiving i.p. injections of pathogenic rabbit anti-BP180 IgG. Interestingly, mice pretreated with CVF became resistant to the pathogenic effects of the anti-BP180 antibodies-this, despite the fact that rabbit anti-BP180 antibodies reached high titers in the circulation of these mice and were efficiently deposited at the cutaneous BMZ. As expected, murine C3 was neither detected in the serum of these CVF-treated animals nor bound to the BMZ of their skin. Neutrophilic infiltration of the dermis of 1542 Liu et al. (4) (5) (6) ; (c) Both BP autoantibodies and C3 are detected by immuno-electron microscopy at the site of immunological injury, i.e., the lamina lucida of the skin (31); (d) components of both the classical and alternative pathways of complement (including Clq, C4, C5, C5-9, factor B, B1H globulin, and properdin) have been detected in lesional skin of BP patients (32) ; (e) levels of total hemolytic complement and of individual complement components in blister fluid from BP patients have been found to be lower than those detected in control blister fluids and in the sera of these patients (33); (f) eosinophil-derived granules have been detected in BP blister fluid (34); (g) eosinophils at BP lesional sites secrete 92-kD gelatinase which is able to cleave in vitro the extracellular domain of recombinant BP180
antigen (35) ; (h) blister fluid from BP patients contain chemotactic factors for neutrophils (36) ; and (i) incubation of human skin cryosections with a BP serum plus complement and neutrophils resulted in the accumulation of neutrophils at the BMZ and subsequent microscopic separation at the dermal-epidermal junction (37) . All three components-circulating autoantibodies, complement, and neutrophils-were found to be necessary for blister formation.
Clinical, histological and immunological analyses of the mouse model of BP/HG (presented here and in previous reports) appear to duplicate the key immunopathological findings in BP and HG patients (18) . It is likely, therefore, that these human diseases, like the anti-BP180-induced experimental model, are triggered by local antibody-mediated activation of the complement system and induction of a secondary inflammatory injury to the cutaneous BMZ as postulated by Jordon et al. (38) and Sams and Gammon (39) . The end result would be the formation of subepidermal blisters, the hallmark lesion of BP and HG. The mouse model of BP/HG should greatly facilitate future studies aimed at dissecting the role of inflammatory cells (such as neutrophils, mast cells and eosinophils) or inflammatory mediators in the molecular pathogenesis of blister formation in these autoimmune diseases.
